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ORIGINAL RESEARCH

Left Atrial Decompression in Pediatric
Patients Supported With Extracorporeal
Membrane Oxygenation for Failure to
Wean From Cardiopulmonary Bypass:
A Propensity-Weighted Analysis

Francesca Sperotto ', MD, PhD; Angelo Polito, MD, MPH; Angela Amigoni "=, MD;
Nicola Maschietto “*, MD, PhD*; Ravi R. Thiagarajan, MBBS, MPH*

BACKGROUND: Left atrial (LA) decompression on extracorporeal membrane oxygenation (ECMO) can reduce left ventricular
distension, allowing myocardial rest and recovery, and protect from lung injury secondary to cardiogenic pulmonary edema.
However, clinical benefits remain unknown. We sought to evaluate the association between LA decompression and in-hospital
adverse outcome (mortality, transplant on ECMO, or conversion to ventricular assist device) in patients who failed to wean
from cardiopulmonary bypass using a propensity score to adjust for baseline differences.

METHODS AND RESULTS: Children (aged <18 years) with biventricular physiology supported with ECMO for failure to wean from
cardiopulmonary bypass after cardiac surgery from 2000 through 2016, reported to the ELSO (Extracorporeal Life Support
Organization) Registry, were included. Inverse probability of treatment weighted logistic regression was used to test the as-
sociation between LA decompression and in-hospital adverse outcomes. Of the 2915 patients supported with venoarterial
ECMO for failure to wean from cardiopulmonary bypass, 1508 had biventricular physiology and 279 (18%) underwent LA
decompression (LA+). Genetic and congenital abnormalities (P=0.001) and pulmonary hypertension (P=0.010) were less
frequent and baseline arrhythmias (P=0.022) were more frequent in LA+ patients. LA+ patients had longer pre-ECMO me-
chanical ventilation and CBP time (P<0.001), and used aortic cross-clamp (P=0.001) more frequently. Covariates were well
balanced between the propensity-weighted cohorts. In-hospital adverse outcomes occurred in 47% of LA+ patients and 51%
of the others. Weighted multivariate logistic regression showed LA decompression to be protective for in-hospital adverse
outcomes (adjusted odds ratio, 0.775 [95% ClI, 0.644-0.932)]).

CONCLUSIONS: LA decompression independently decreased the risk of in-hospital adverse outcome in pediatric venoarte-
rial ECMO patients who failed to wean from cardiopulmonary bypass, suggesting that these patients may benefit from LA
decompression.
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CLINICAL PERSPECTIVE

What Is New?

e We evaluated benefit of left atrial decompres-
sion in terms of outcomes (in-hospital mortal-
ity, transplant on extracorporeal membrane
oxygenation [ECMOQ], or conversion to ven-
tricular assist device), in a large multicenter co-
hort of children with congenital heart disease
and biventricular physiology supported with
venoarterial ECMO for failure to wean from car-
diopulmonary bypass, using propensity score
analysis to adjust for baseline differences.

e We found left atrial decompression to be an in-
dependent protective factor against in-hospital
adverse outcomes.

e QOther factors including longer ECMO duration,
higher ECMO pump flow, cardiac surgery on
ECMO, and ECMO complications were also
found to independently increase the risk of ad-
verse outcomes, whereas the use of systemic
vasodilators on ECMO independently reduced
the risk.

What Are the Clinical Implications?

e Qur results suggest that left atrial decompres-
sion may have clinical benefits in children with
biventricular physiology who are supported with
venoarterial ECMO after failing to wean from
cardiopulmonary bypass after congenital car-
diac surgery.

e These findings add significant evidence to sup-
port consideration of left atrial decompression
in children supported with ECMO and may help
design future trials to secure higher level of
evidence.

Nonstandard Abbreviations and Acronyms

CPB
ELSO

cardiopulmonary bypass
Extracorporeal Life Support Organization

provides mechanical circulatory support for re-

suscitation in children who experienced severe
acute cardiac failure.! In the setting of a failing heart
and increased left ventricular (LV) afterload secondary
to ECMO, the LV end-diastolic volume and pressure
can increase, reducing transmural myocardial perfu-
sion and impairing myocardial function and recovery.
Left atrial (LA) decompression, either transcatheter or
surgical, has been described as a successful strategy
for decreasing the left heart pressure in adults and
pediatric patients by reducing the LV distension and

Extracorporeal membrane oxygenation (ECMO)
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decreasing the LV wall stress, facilitating myocardial
rest and recovery.?® Furthermore, LA decompression
may protect from lung injury secondary to cardiogenic
pulmonary edema or pulmonary hemorrhage when
severe LA hypertension is present.?468

Different techniques to decompress the left heart in
patients supported with ECMO have been described.
In patients with central cannulation, addition of an LA
cannula through one of the pulmonary veins (or less
frequently addition of a pulmonary artery cannula) is
the more common approach.®~'" In patients with pe-
ripheral ECMO or when left atrial cannulation is not
anatomically possible, transcatheter or surgical atrial
septostomy are the preferred options.>®21° Finally, in
appropriately sized patients, a synergic combination
of ECMO with a temporary, percutaneously implanted
intracorporeal left ventricular assist device (VAD; ie,
Impella) has been recently described as a valuable
alternative.®'®© Because the LA decompression is not
universally performed in children on ECMO and pro-
cedure can be associated with adverse events, the
benefits of LA decompression need to be defined.>°°
With the present study, we sought to define the benefit
of LA decompression in terms of in-hospital outcome
(mortality, transplant on ECMO, or conversion to VAD)
in a cohort of pediatric patients supported on venoar-
terial ECMO for failure to wean from cardiopulmonary
bypass (CPB) after cardiac surgery.

In a previous ELSO (Extracorporeal Life Support
Organization) Registry analysis, we evaluated a large
cohort of children with congenital and acquired heart
disease who underwent open heart surgery and failed
to wean from CPB, describing their in-hospital mortality
and associated risk factors.” In this recently published
study, we found that, among ECMO-related factors,
LA cannulation was protective against in-hospital mor-
tality. Although LA cannulation was not retained in the
final model when all the other investigated factors were
added, we believe this may have been influenced by
the significant number of patients with univentricular
physiology included in the study, who did not need an
LA decompression because of the underlying surgical
anatomy. Therefore, we performed a subgroup analy-
sis of the previously described cohort, only including
patients with biventricular physiology, and investigated
the specific association between LA decompression
and in-hospital outcome. A propensity score weighting
approach was used to address the existence of selec-
tion biases before the intervention.

METHODS
Study Population

We included children (aged <18 years) with biventricu-
lar physiology who underwent an open heart surgical
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procedure and required ECMO for failure to wean from
CPB, reported to the ELSO Registry during the period
2000 to 2016. Patients were excluded if were already
on ECMO at the time of surgery, had no documented
cardiac surgical procedure or time of surgical proce-
dure, required ECMO for isolated respiratory failure or
to support cardiopulmonary resuscitation, or had uni-
ventricular physiology (Figure).

Data Source, Collection, and
Categorization

The data that support the findings of this study are
available from the corresponding author on reasonable
request. Data were extracted from the ELSO Registry.
Member centers report data on voluntary basis, after
approval by their local Institutional Review Board. A data
user agreement between ELSO Registry and member
centers allows release of limited deidentified data sets
for research purposes, waiving the need for regulatory
approval. The present study qualified for human sub-
ject research exemption by Boston Children’s Hospital
Institutional Review Board (IRB-P00035751). Data ex-
tracted included baseline demographics and clinical
characteristics, cardiac surgical procedure details, pre-
ECMO support variables, ECMO support details, and
ECMO complications. Cardiac surgical procedures
were categorized on the basis of complexity, using the
risk-adjusted congenital heart surgery 1 method.®

Predictors and Outcome Measures

Our primary predictor was use of LA decompression
(ie, LA cannulation, transcatheter atrial septostomy,
or surgical atrial septostomy on ECMOQO). Of note, tim-
ing of LA decompression is not included in the ELSO
Registry. Our primary outcome measure was any in-
hospital adverse outcome, defined as any one of the
following: in-hospital mortality, transplant, or conver-
sion to VAD while on ECMO. Secondary outcome
measures were ECMO duration and successful wean-
ing off ECMO.

Statistical Analysis

Descriptive data are reported as frequencies and percent-
ages for categorical variables and median and interquar-
tile range (25th—75th percentile) for continuous variables
because of distribution characteristics. Given the obser-
vational nonrandomized nature of this study, significant
baseline differences between patients who underwent
LA decompression (LA+) and patients who did not (LA-)
can influence the association of LA decompression and
in-hospital outcome. To assess the existence of these
selection biases, demographic and clinical pre-ECMO
details were compared between LA+ and LA- patients.
The Pearson x? test was used to compare categorical
data before weighting; the Fisher exact test was used

J Am Heart Assoc. 2022;11:€023963. DOI: 10.1161/JAHA.121.023963

Left Atrial Decompression in Pediatric Venoarterial ECMO

when the expected count in >20% of cells was <5. The
Mann-Whitney U test was used to compare continu-
ous data. Because significant differences between LA+
and LA- patients were identified, a propensity-weighted
approach was chosen to balance these differences. In
particular, an inverse probability of treatment weighting,
based on a propensity score, was used to weight demo-
graphic and clinical baseline differences between LA+
and LA~ patients."*'® To compute the inverse probability
of treatment weights, we estimated each patient’s pro-
pensity to undergo LA decompression using a logistic
regression model with the LA decompression as de-
pendent variable. Predictor variables were selected on
the basis of their univariate associations with the treat-
ment (P<0.1) and their a priori probability of confounding
the relationship between LA decompression and mortal-
ity. The following variables were selected as candidates
for inclusion: age, race (White), genetic syndrome, other
congenital anomalies, prematurity, baseline cardiac con-
ditions as arrhythmias, pulmonary hypertension, and
cardiomyopathy, baseline respiratory, neurologic, renal,
gastroenterological, and infectious endocrine-metabolic
diseases, coagulation defects or hemorrhages, preop-
erative cardiac arrest, risk-adjusted congenital heart sur-
gery 1 score, CBP time, use of aortic cross-clamp, use
of deep hypothermic circulatory arrest, and pre-ECMO
vasoactive support. Candidate variables for this model
were tested for collinearity; age and weight were found
to be collinear; thus, only age was used for modeling.
The predicted probability from the model was saved as
“propensity score”; the “inverse probability of treatment
propensity score” was then computed, assigning LA+
patients a weight of 7/propensity score and LA- patients
a weight of 1/(1—propensity score).’® The performance of
the score in balancing the baseline differences between
the 2 groups was confirmed using weighted logistic re-
gression (with LA decompression as dependent vari-
able; Table 1).

Once a balance was confirmed, LA decompression
was tested as a predictor of mortality in 2 weighted
logistic regression models. The first model tested the
unadjusted relationship with the outcome; the second
model was then adjusted for other potential predic-
tors of mortality. Candidate variables for inclusion in
the adjusted model were selected from the univariate
weighted analysis comparing survivors and nonsurvi-
vors and were tested for collinearity. In case of collinear
variables, only the variable with the most significant P
value in the univariate analysis was included. All vari-
ables with a univariate P value <0.1 were selected for
inclusion in the multivariable model. A backward con-
ditional strategy was used to reach the final model.
All statistical analyses were performed using R sta-
tistics (version 3.6.2.; R Core Team, R Foundation for
Statistical Computing, Vienna, Austria). Statistical sig-
nificance was set at a 2-sided P<0.05.
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Pediatric patients supported with ECMO
for failure to wean from CPB
n=2950
Excluded, n=600
* Not documented cardiac surgery procedure
or time of surgical procedure, n=84
¢« On ECMO cardiac surgical procedure, n=428
+« ECMO for respiratory failure only, n=73
+ ECPR, n=15
=2322
<| Excluded, n=814
* Univentricular physiology
y
=1508
/
A4 Y
LA-decompression No LA-decompression
n=279 (18%) n=1229 (82%)

Figure. Flowchart of patient selection.

CPB indicates cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; ECPR, ECMO-

cardiopulmonary resuscitation; and LA, left atrial.

RESULTS

Study Population

Of the 2915 patients supported with ECMO for fail-
ure to wean from CPB during the study period, 1508
met the inclusion criteria (Figure). Of these, 279 (18%)
patients underwent LA decompression (LA cannula-
tion, n=269; transcatheter, n=4; or surgical atrial sep-
tostomy, n=9). A total of 1264 patients (245 LA+ and
1019 LA-) had available data to compute the propen-
sity score and were therefore included in the weighted
logistic regression analysis (Table 1).

Table 1 summarizes the demographic and clini-
cal characteristics of the population, as well as dif-
ferences between LA+ and LA- patients before and
after the propensity weighting. LA+ patients were
less likely to have a diagnosis of genetic syndrome
or congenital anomalies (P=0.001) or a diagnosis of
pulmonary hypertension (P=0.010), and more likely
to have baseline arrhythmias (P=0.022). There were
no other significant differences in terms of comor-
bidities at baseline. In terms of pre-ECMO support,
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LA+ patients had longer mechanical ventilation pre-
ECMO (P=0.018). As for surgical characteristics,
LA+ patients required longer CBP time (P<0.001)
and more commonly underwent aortic cross-clamp
(P=0.001). Once the newly computed propensity
score was used to weight the comparison analysis
(Table 1, on the right), no significant differences per-
sisted between the groups.

ECMO Details, Hospital Stay
Characteristics, and Outcomes of LA+
Patients Compared With LA- Patients

Patients who underwent LA decompression included a
higher proportion of patients with cardiac arrhythmias
(P=0.046), patients with myocardial stun (P<0.001),
those supported with systemic vasodilators (P<0.001),
and patients with hemofiltration (P<0.001). LA+ patients
more frequently underwent further cardiac surgery on
ECMO (P<0.001) or post-ECMO (P=0.012). They had
lower fraction of inspired oxygen requirements at 24
hours of ECMO (P<0.001), lower frequency of hypogly-
cemia (P=0.003), and lower need for inotropic support
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Table 1. Demographic, Baseline Clinical, and Pre-ECMO Characteristics, According to LA Decompression, Before and
After Inverse Probability of Treatment Weighting

Age, median (IQR), d 64 (10-214) 46 (8-193) 0179 64 (9-220) 46 (8-189) 0.648
Weight, median (IQR), kg? 4.0 (3.3-6.6) 3.8 (3.1-6.3) 0.076 4.0(3.3-6.7) 3.8(3.1-6.2) 0.919
Race, White, n (%)° 158 (58) 688 (58) 0.888 142 (58) 594 (58) 0.541
Comorbid conditions, n (%)
Genetic syndrome or other 32 (1) 244 (20) 0.001 29 (12) 202 (20) 0.304
congenital anomalies
Prematurity* 26 (9) 100 (8) 0.519 22 (9) 86 (8) 0.850
Cardiac-associated disease
Arrhythmia 55 (20) 175 (14) 0.022 47 (19) 151 (15) 0.774
Pulmonary hypertension 6(2) 73 (6) 0.010 5(1) 63 (6) 0.080
Cardiomyopathy 8(3) 35 (3) 0.986 5(2) 28 (3) 0.416
Respiratory disease 52 (19) 227 (19) 0.948 47 (19) 194 (19) 0.671
Neurologic disease 34 (12) 113 (9) 0.128 28 (1) 100 (9) 0.468
Renal disease 33 (12) 128 (10) 0.490 30 (12) 113 (11) 0.868
Gastrointestinal disease 15 (5) 76 (6) 0.609 13 (5) 67 (7) 0.315
Infectious disease 25 (9) 83 (7) 0.197 20 (8) 78 (8) 0.915
Metabolic, endocrine, or 14) 59 (5) 0.539 8(3) 48 (5) 0.710
electrolyte abnormalities
Coagulation defects 7(2) 212 0.371 62 20 (2) 0.670
Hemorrhage 12 (4) 67 (5) 0.436 10 (4) 61 (6) 0.060
Other comorbidities 25 (9) 113 (9) 0.903 22 (9) 103 (10) 0.229
Preoperative cardiac arrest, n (%)¢ 36 (13) 123 (10) 0.155 32 (13) 98 (10) 0.508
Main cardiac surgery RACHS-1 score, n (%)
1-3 188 (67) 748 (61) 166 (68) 614 (60)
4-6 79 (28) 435 (35) 0.079 69 (28) 368 (36) 0.738
Not assigned 12 (4) 46 (4) 10 (4) 37 (4)
Surgery details
CPB time, median (IQR), min® 288 (207-386) 250 (172-357) <0.001 295 (209-384) 251 (173-359) 0.782
ACC, n (%) 261 (93) 1038 (84) 0.001 243 (99) 965 (95) 0.561
DHCA, n (%) 89 (32) 429 (35) 0.340 84 (34) 401 (39) 0.385
Pre-ECMO support, n (%)
Inotropic/vasopressor drugs 171 (61) 751 (61) 0.955 158 (64) 645 (63) 0.495
Vasodilator drugs 52 (19) 230 (19) 0.976 47 (19) 201 (20) 0.681
Inhaled NO 35 (12) 204 (17) 0.094 31 (13) 170 (17) 0.283
Pre-ECMO neuromuscular 149 (53) 583 (47) 0.072 134 (55) 512 (50) 0.196
blockers, n (%)
Pre-ECMO mechanical ventilation 117 (43) 419 (35) 0.018 1083 (42) 351 (35) 0.649
>24 h, n (%)
Preoperative bicarbonate infusion, 49 (18) 196 (16) 0.509 47 (19) 170 (17) 0.645
n (%)

Missing data before weighting, n (LA+, LA-): 10 (2, 8); ®42 (7, 35); ©159 (18, 141). ACC indicates aortic cross-clamp; CPB, cardiopulmonary bypass; DHCA
deep hypothermic cardiac arrest; ECMO, extracorporeal membrane oxygenation; IQR, interquartile range; LA, left atrial; and RACHS-1, risk-adjusted congenital
heart surgery score 1.

*P values are calculated by x? test and Mann-Whitney U test.

P values are calculated by weighted logistic regression.

*Prematurity is defined as gestational age <36 weeks.

SWithin 24 hours before ECMO.

Bold values indicate statistical significant.
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Table 2. Unadjusted and Adjusted Weighted Logistic
Regression, Testing LA Decompression as an Independent
Predictor of In-Hospital Adverse Outcome

Odds

Variables ratio 95% ClI P value*

Unadjusted logistic regression

LA decompression | 0868 | 0741-1.016 | 0078

Adjusted logistic regression model

LA decompression 0.775 0.644-0.932 | 0.007

ECMO pump flow at 4 h of
ECMO (mL/kg per min)

<97 1.0 Reference

>97 and <115 1.284 1.000-1.650 | 0.050

>115 and <140 1.441 1.118-1.857 0.004

>141 1.862 1.408-2.463 | <0.001
ECMO support duration (h) 1.004 1.003-1.005 | <0.001
Cardiac surgery on ECMO 1.743 1.327-2.290 | <0.001
ECMO circuit complications 1.451 1.192-1.767 <0.001
CNS hemorrhage or 1.741 1.3833-2.274 | <0.001
infarction on ECMO
Cardiac arrhythmia requiring | 2.399 1.887-3.049 | <0.001

treatment on ECMO

CPR on ECMO 2.421 1.139-5.144 0.021
Use of systemic vasodilators | 0.625 0.489-0.797 | <0.001
on ECMO

Pulmonary hemorrhage on 2.915 2111-4.024 <0.001
ECMO

Renal failure on ECMO 1.989 1.465-2.700 | <0.001
Use of hemofiltration on 1.260 1.029-1.542 | 0.025
ECMO

Avrterial pH <7.20 on ECMO 3.047
Blood glucose <40 mg/dL 2.678

1.862-4.986 | <0.001
1.217-5.898 | 0.014

on ECMO

Unadjusted model: N=1264; Hosmer and Lemeshow test P=1.000; area
under the curve=0.522. Adjusted model: N=1205; Hosmer and Lemeshow
test P=0.863; area under the curve=0.743. Candidate variables were as
follows: LA decompression, ECMO pump flow at 4 hours of ECMO, ECMO
support duration (hours), cardiac surgery on ECMO, multiple cardiac
surgery on ECMO, invasive procedure on ECMO other than cardiac
surgeries (by Current Procedural Terminology procedure codes), ECMO
circuit complications (mechanical complications requiring intervention,
such as oxygenator failure, pump failure, raceway or other tubing rupture,
circuit change, cannula problems, heat exchanger malfunction, clots, and
air emboli), seizures, CNS hemorrhages or infarction, cardiac arrhythmia
requiring treatment (medication infusion, overdrive pacing, cardioversion,
or defibrillation), CPR on ECMO, use of inotropic or vasopressor drugs on
ECMO (dobutamine, dopamine, epinephrine, milrinone, norepinephrine,
or vasopressin), use of systemic vasodilators (nicardipine, nitroglycerin,
nitroprusside, or milrinone), pneumothorax requiring treatment, pulmonary
hemorrhage, cannulation or surgical site bleeding, hemolysis (plasma-
free hemoglobin >50 mg/dL), disseminated intravascular coagulation,
infectious complications, renal failure, use of hemofiltration, arterial pH
>7.60, arterial pH<7.20, blood glucose <40 mg/dL, and hyperbilirubinemia
(direct bilirubin >2.0 mg/dL or total bilirubin >15.0 mg/dL). Detailed
variable definitions are available at https:/www.elso.org/Registry/DataD
efinitions,Forms,Instructions.aspx. CNS indicates central nervous system;
CPR, cardiopulmonary resuscitation; ECMO, extracorporeal membrane
oxygenation; and LA, left atrial.

*P values are calculated by weighted logistic regression.

Bold values indicate statistical significant.
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on ECMO (P=0.032). ECMO circuit complications
and cannulation bleeding were similar between the 2
groups (Table S1).

Of the 1264 patients included, 638 (50%) had at
least one in-hospital adverse outcome (transplant on
ECMO, n=5 [0.4%]; conversion to VAD, n=10 [1%)]; and
mortality, n=633 [50%]). The frequency of adverse out-
comes did not significantly differ between the 2 cohorts
by unadjusted weighted analysis (47% in LA+ patients
versus 51% in LA- patients; P=0.078; odds ratio [OR],
0.868 [95% ClI, 0.741-1.016]; Table 2). However, when
the weighted logistic regression was adjusted for other
variables (Table 2), LA decompression was found to
be an independent protective factor against in-hospital
adverse outcome (adjusted OR, 0.775 [95% Cl, 0.644—
0.932]; P=0.007; Table 2).

Other Predictors for In-Hospital Mortality
Weighted univariate analysis of variables potentially as-
sociated with in-hospital mortality is shown in Table S2.
Patients who had an adverse outcome had higher
ECMO flow at 4 hours (60% of them >100 mL/kg per
minute) and at 24 hours (both P<0.001), frequently re-
quired additional cardiac surgery on ECMO (P<0.001),
had longer ECMO duration (P<0.001), and had more
ECMO complications (Table S2). The weighted mul-
tivariate analysis (Table 2) showed longer ECMO du-
ration, higher ECMO pump flow, cardiac surgery on
ECMO, and ECMO complications (central nervous
system hemorrhage or infarction, cardiac arrhythmia
requiring treatment, cardiopulmonary resuscitation on
ECMO, pulmonary hemorrhages, as well as renal fail-
ure, use of hemofiltration, hypoglycemia, and acidosis)
independently increased the risk of adverse outcome,
whereas the use of systemic vasodilators on ECMO
reduced the risk for adverse outcome.

LA Decompression and Secondary
Outcomes

ECMO duration did not significantly differ between
LA+ and LA- patients (107 [interquartile range, 66-181]
hours versus 107 [interquartile range, 64-168] hours;
weighted P=0.602). Rate of ECMO weaning was simi-
lar in the 2 groups (69% in LA+ patients versus 70% in
LA- patients; weighted P=0.437).

DISCUSSION

In this large multicenter cohort of pediatric patients
with biventricular physiology supported with venoarte-
rial ECMO for failure to wean from CBP, 18% of pa-
tients underwent LA decompression during ECMO.
Using a propensity score—weighted analysis, adjusting
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for baseline differences between patients who did or
did not undergo LA decompression, we show that LA
decompression was independently associated with
decreased in-hospital adverse outcome (mortality,
transplantation, or conversion to VAD).

Although venoarterial ECMO effectively supports
organ perfusion in the setting of a failing heart, it also
increases the LV afterload and LV end-diastolic pres-
sure, causing LV dilation. Several studies have shown
that LV distention reduces transcoronary perfusion
gradient impairing myocardial perfusion, resulting in
myocardial injury."181" The severity of LV distension has
been demonstrated to be inversely related to the like-
lihood of myocardial recovery and event-free survival
(death or transition to VAD)."® The absence of ejection
in the setting of a closed aortic valve may also cause
stasis of blood in the LV with higher risk of thrombus
formation.”® Finally, LA hypertension may cause signif-
icant pulmonary edema, which can negatively affect
the right ventricular function and the respiratory gas
exchange. In this setting, LA decompression, either
surgical or transcatheter, has been proposed as a
means to mitigate these adverse events in both adults
and pediatric patients.?%7917

Although LA decompression has become common
practice, data have conflicted on the best modality of
decompression, best timing, as well as the overall utility
of this intervention. Although some studies support its
benefits,>® others showed no differences in outcomes
between patients who did or did not undergo LA de-
compression.?® In particular, Baruteau et al retrospec-
tively reviewed data of 64 patients (32 adults and 32
children) among 4 institutions who underwent a tran-
scatheter balloon atrioseptostomy for LA decompres-
sion on venoarterial ECMO, reporting an improvement
of day 1 chest X-ray in 77% of patients, improvement of
clinical status in all but one patient, and improvement
of pulmonary hemorrhages in all patients who experi-
enced this complication (n=14).5 Kotani et al reported
a series of 23 pediatric patients who underwent LA
decompression within 12 hours of ECMO cannulation
and described a 70% weaning rate.® In a recent mul-
ticenter study of 16 US pediatric centers, including a
total of 137 patients, early LA decompression (within
18 hours since cannulation) was found to be associ-
ated with reduced ECMO duration but did not modify
the in-hospital and overall survival.” Conflicting evi-
dence exists also for the adult population®2'; however,
a recent meta-analysis of 17 observational studies on
adult patients supported on venoarterial ECMO for
cardiogenic shock found that LA+ patients had a lower
mortality rate compared with others 5722

Several factors may have led to inconsistent conclu-
sions on the benefit of LA decompression. First, pop-
ulations may have been too heterogeneous, and data
on adults may not be comparable to those on pediatric
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populations. Although in adults some degree of LV dis-
tension is usually well tolerated, threshold for LV de-
compression in children should be lower as the infantile
myocardium is extremely vulnerable to distension®?3;
and, hemodynamics may be more labile in the setting
of complex congenital heart diseases. Moreover, com-
pared with children, alternative and more efficient strat-
egies to decompress the LV, such as the combination
of a temporary left VAD (ie, Impella) and ECMO, are
available in the adult population.® In addition, timing of
LA decompression may be critical in defining patients’
outcome, given the decreased ability of the myocar-
dium to recover once ischemia has occurred; thus,
variability in time to LA decompression between cen-
ters may have resulted in inconsistent conclusions on
the benefits of LA decompression.” Finally, but not less
importantly, selection biases may play a crucial role in
influencing and confounding outcome-related analysis.

Our propensity-based approach allowed us to
detect and adjust for the most important treatment-
related selection biases. In fact, the initial comparison
analysis between LA+ and LA- patients demonstrated
that significant differences exist between the 2 groups:
LA+ patients had less frequently a genetic syndrome
or congenital anomalies, had more frequently base-
line arrhythmias, had longer CBP time, had more fre-
quently required an aortic cross-clamp, and had longer
preoperative mechanical ventilation. The propensity
score was able to adjust for these biases, allowing us
to investigate the effect of LA decompression on in-
hospital adverse outcomes on weighted cohorts. At
the multivariate weighted analysis, LA decompression
was found to be a protective factor against in-hospital
adverse outcome (mortality, transplant on ECMO, or
conversion to VAD), suggesting that clinical benefits
may exist in pediatric patients with biventricular physi-
ology who failed to wean off CPB.

Certainly, this is a selected population of patients
who required ECMO support because of severe LV im-
pairment. Indeed, 60% of the patients were supported
with >100 mL/kg per minute of ECMO flow at 4 hours.
In some circumstances, it is possible that high ECMO
flows may have contributed to increasing the workload
of the LV.?4%8 |n fact, although venoarterial ECMO can
reduce central venous pressure and improve end-organ
perfusion, it can also cause a significant increase in LV
afterload because of retrograde perfusion of the aorta,
which may inhibit aortic valve opening and suppress LV
gjection.?>?8 Thus, as ECMO flow increases, the primary
hemodynamic effect is an increase in the LV afterload.?®
In addition, as ECMO flow increases, the venous return
to the LV (residual flow through the pulmonary circula-
tion, venous return from the bronchial circulation, and
Thebesian flow) increases, the LV end-diastolic pressure
increases, and the LV end-diastolic pressure/stroke vol-
ume relationship on the Frank-Starling curve shifts to the
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right, increasing the work and oxygen consumption of
the LV in the effort to eject.?>2® Consistently, the variable
“ECMO flows at 4 hours” was retained in the final logis-
tic regression model as an independent risk factor for
adverse outcomes, with higher ORs at increased flows,
whereas LA decompression and use of systemic vaso-
dilators were identified as protective. Other risk factors
for adverse outcomes identified by our model may all be
related to either insufficient decompression of the LV or
insufficient ECMO flow: pulmonary hemorrhage (likely
related to LA hypertension), cardiac arrhythmias (pos-
sibly related to high filling pressures), renal failure (likely
secondary to either right ventricular failure or insufficient
ECMO flow), hypoglycemia (likely related to liver failure
secondary to right ventricular failure), and acidosis (likely
secondary to insufficient ECMO flows). These risk factors
were previously reported for other ECMO cohorts.227-2°

Many limitations of this study need to be acknowl-
edged. First, there are no data about the timing of LA
decompression and the specific decompression tech-
nique used, which would have been an important factor
that may have influenced our primary outcome. Data on
LV function, ejection across the aortic valve, presence
of aortic regurgitation, and pre-ECMO existence of atrial
communication, such as atrial septal defects, were not
available for further analysis. As well, given the retro-
spective nature of this multicenter registry study, miss-
ing data may have influenced our analyses. In addition,
given the high numbers of centers included in this study,
it was not possible to take into consideration a center
effect as these data were not available for analysis. Last,
the results may not be generalizable to all patients sup-
ported on ECMO. We believe that patients with severe
biventricular dysfunction and no LV ejection may bene-
fit from LA decompression. However, clinicians should
weigh the risks and benefits before decompressing the
left heart during ECMO. Future studies that will include
these data may be able to identify the category of pa-
tients who may benefit the most from this intervention.
Despite these limitations, this represents, at the best of
our knowledge, the largest reported cohort of pediatric
patients on venoarterial ECMO who underwent LA de-
compression, and the first propensity score—adjusted
analysis to access its association with in-hospital ad-
verse outcome.

In conclusion, in this multicenter cohort of pedi-
atric patients supported with venoarterial ECMO for
failure to wean from CPB, we have shown that LA
decompression independently decreased the risk of
in-hospital adverse outcomes, suggesting these pa-
tients may benefit from LA decompression. Although
only a randomized controlled trial could confirm this
evidence, we believe our results add more evidence in
supporting LA decompression in this population and
may help design future higher-evidence trials.
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Table S1. Univariate weighted logistic regression analysis of ECMO-related factors and ECMO complications
according to left atrial decompression (n total=1264).

Left atrial No left atrial
Variable decompression decompression OR (95% CI) p value
(n=245) (n=1019)

ECMO pump flow rates (ml/kg/min), median (IQR)

At 4h after ECMO initiation? 109 (95-133) 111 (93-135) 1.001 (0.999-1.004) 0.286

At 24h after ECMO initiation ® 115 (98-139) 112 (94-138) 1.002 (0.999-1.004) 0.117
FiO2 at 24h after ECMO initiation (%), h° 35 (30-40) 40 (30-42) 0.980 (0.974-0.986) <0.001
ECMO support duration (h), median (IQR) 107 (66-181) 107 (64-168) 1.000 (0.999-1.001) 0.602
Cardiac surgery on-ECMO, n (%) 42 (17) 108 (11) 1.566 (1.240 -1.977) <0.001
Cardiac surgery post-ECMO, n (%) 3(1) 8 (1) 2.599 (1.234-5.472) 0.012
Multiple cardiac surgery, n (%) 44 (18) 115 (11) 1.613 (1.286-2.023) <0.001
Invasive procedure on ECMO, others, n (%) 57 (23) 201 (20) 1.311 (0.083-1.588) 0.006
ECMO circuit complications, n (%) 89 (36) 381 (37) 0.972 (0.826-1.144) 0.730
CNS complications, n (%) 43 (18) 178 (17) 1.112 (0.909-1.360) 0.303
Cardiac complications, n (%)

Cardiac arrhythmia requiring treatment 55 (22) 185 (18) 1.222 (1.003-1.489) 0.046

CPR on ECMO 7() 31(3) 1.053 (0.669-1.659) 0.823

Cardiac tamponade 23(9) 116 (11) 0.874 (0.679-1.125) 0.297

Myocardial stun at echocardiography evaluation 33 (13) 91 (9) 1.724 (1.347-2.208) <0.001

Need for inotropic drugs 155 (63) 657 (64) 0.837 (0.710-0.985) 0.032

Need for systemic vasodilators 56 (23) 153 (15) 1.618 (1.316-1.989) <0.001
Pulmonary complications, n (%) 33 (13) 125 (12) 1.048 (0.825-1.330) 0.702
Cannulation or surgical site bleeding 139 (57) 548 (54) 1.127 (0.962-1.320) 0.139
Hemolysis* 26 (11) 131(13) 0.800 (0.627-1.020) 0.072
Disseminate intravascular coagulation 9 (4) 58 (6) 0.723 (1.501-1.043) 0.083
Infectious complications, n (%)

Culture proven infection 23(9) 110 (11) 0.754 (0.576-0.988) 0.041

White blood cell count < 1500/ml 3(1) 11 (1) 0.963 (0.445-2.085) 0.924
Renal failure 27 (11) 119 (12) 0.867 (0.674-1.116) 0.269
Hemofiltration required 80 (33) 268 (27) 1.486 (1.251-1.765) <0.001
Metabolic complications, n (%)

Arterial pH < 7.20 12 (5) 59 (6) 0.753 (0.524-1.082) 0.125

Arterial pH > 7.60 6(3) 59 (6) 0.676 (0.466-0.980) 0.039

Blood glucose < 40 mg/dl 1(0) 24 (2) 0.331 (0.158-0.692) 0.003

Blood glucose > 240 mg/dl 48 (20) 158 (15) 1.176 (0.953-1.452) 0.132

Hyperbilirubinemia** 13 (5) 61 (6) 0.777 (0.547-1.105) 0.160

* Hemolysis is defined as plasma-free hemoglobin >50 mg/dl; ** Hyperbilirubinemia is defined as direct bilirubin >2.0 mg/dl or total bilirubin
>15.0 mg/dl
Missing data, n (LA+, LA-): 255 (14, 41); ® 102 (21, 81); ¢ 104 (20,84).

CNS: Central Nervous System; CPR: Cardio-pulmonary Resuscitation; ECMO: Extra-Corporeal Membrane Oxygenation; FiO2: Fraction of
inspired Oxygen; LA: left atrial.



Table S2. Univariate weighted logistic regression analysis of ECMO-related factors and ECMO complications, according to in-

hospital adverse outcome (n total=1264).

Variable

ECMO pump flow rates (ml/kg/min), median (IQR)
At 4h after ECMO initiation?
At 24h after ECMO initiation °
FiO2 at 24h after ECMO initiation (%)h°®
ECMO support duration (h), median (IQR)
Cardiac surgery on-ECMO, n (%)
Cardiac surgery post-ECMO, n (%)
Multiple cardiac surgery, n (%)
Invasive procedure on ECMO, others, n (%)
ECMO circuit complications, n (%)
Mechanical problems
Clots in ECMO circuit
Air embolus
Cannula problems
CNS complications, n (%)
Seizures
Cerebral infarction or intracranial hemorrhage
Cardiac complications, n (%)
Cardiac arrhythmia requiring treatment
CPR on ECMO
Cardiac tamponade
Myocardial stun at echocardiography evaluation
Need for inotropic drugs
Need for systemic vasodilators
Pulmonary complications, n (%)
Pneumothorax requiring treatment
Pulmonary hemorrhage
Hemorrhagic complications (other than pulmonary), n (%)
Cannulation or surgical site bleeding
Gastrointestinal bleeding
Hemolysis*
Disseminate intravascular coagulation
Infectious complications, n (%)
Culture proven infection
White blood cell count < 1500/ml
Renal complications, n (%)
Renal failure
Hemofiltration required
Metabolic complications, n (%)
Arterial pH < 7.20
Arterial pH > 7.60
Blood glucose < 40 mg/d|
Blood glucose > 240 mg/dl
Hyperbilirubinemia**

Survivors without
transplant on-ECMO
nor conversion to
VAD
(n=605)

107 (91-130)
109 (91-131)
40 (30-40)
87 (61-129)
63 (10)

6 (1)

68 (11)
108 (17)

48 (8)
127 (20)
17 3)
22 (3)

25 (4)
51 (8)

80 (13)
8(1)
60 (10)
46 (7)
364 (58)
111 (18)

11(2)
33 (5)

314 (50)
4(1)
64 (10)
15 (2)

43 (7)
3

44 (7)
124 (20)

19 (3)
36 (6)
9(1)

100 (16)
34 (5)

Non survivors,
transplanted or
converted to
VAD
(n=626)

114 (97-137)
119 (98-143)
40 (30-40)
136 (69-216)
87 (14)
5(1)

91 (14)
150 (23)

91 (14)
214 (33)
35 (5)
40 (6)

56 (9)
112 (18)

160 (25)
30 (5)
79 (12)
78 (12)
448 (70)
98 (15)

22 3)
99 (15)

373 (58)
12 (2)
93 (15)
52 (8)

90 (14)
11(2)

102 (16)
224 (35)

52 (8)
29 (4)
16 (2)
106 (17)
40 (6)

OR (95% CI)

1.007 (1.004-1.010)
1.011 (1.001-1.014)
1.001 (0.995-1.007)
1.005 (1.004-1.006)
1.530 (1.212-1.932)
0.706 (0.355-1.403)
1.496 (1.194-1.875)
1.208 (0.998-1.462)

1.870 (1.436-2.435)
2.235 (1.860-2.685)
3.753 (2.374-5.935)
2.899 (1.7887-4.423)

2.489 (1.762-3.515)
1.759 (1.395-2.216)

2.967 (2.400-3.670)
7.111 (43.639 -13.896)
0.940 (0.730-1.209)
1.095 (0.859-1.394)
1.416 (1.202-1.667)
0.828 (0.675-1.017)

3.808(2.046-7.088)
3.543 (2.636-4.762)

1.221 (1.042-1.431)
4.704 (1.790-12.365)
1.624 (1.269-2.077)
2.898 (1.933-4.346)

1.917 (1.452-2.530)
6.289 (2.079-19.029)

2.600 (1.981-3.421)
1.858 (1.561-2.121)

3.386 (2.232-5.138)
1.499 (1.036-2.168)
2.613 (1.293-5.281)
1.018 (0.825-1.257)
1.335 (0.939-1.8976)

p value

<0.001
<0.001
0.731
<0.001
<0.001
0.321
<0.001
0.053

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
0.630
0.465
<0.001
0.072

<0.001
<0.001

0.014
0.002
<0.001
<0.001

<0.001
0.001

<0.001
<0.001

<0.001
0.032
0.007
0.865
0.107

* Hemolysis is defined as plasma-free hemoglobin >50 mg/dl; ** Hyperbilirubinemia is defined as direct bilirubin >2.0 mg/dl or total bilirubin

>15.0 mg/dl

Missing data, n (adverse outcome, no adverse outcome): 355 (22, 33); ® 102 (47, 55); © 104 (43, 61).

CNS: Central Nervous System; CPR: Cardio-pulmonary Resuscitation; ECMO: Extra-Corporeal Membrane Oxygenation; FiO2: Fraction of

inspired Oxygen; LA: left atrial.



